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I. INTRODUCTION 
T h i s  r e p o r t  summarizes a 36-month c o o p e r a t i v e  r e s e a r c h  program 
between NASA/Ames and t h e  Cen te r  f o r  Materials Resea rch  a t  S t a n f o r d  
U n i v e r s i t y  on t h e  development of I R  f i b e r  o p t i c s  f o r  use i n  astronom- 
i c a l  and o t h e r  s p a c e  a p p l i c a t i o n s .  The p r o g r a n  sough t  t o  i d e n t i f y  
c a n d i d a t e  materials f o r  u s e  i n  the 1-200 !Lm and t h e  200-1000 wave- 
l e n g t h  range;  to c a r r y  o u t  s y n t h e s i s  and o p t i c a l  c h a r a c t e r i z a t i o n  of 
s e v e r a l  of t h e s e  materials i n  bulk form; and t o  s t u d y  t h e  f a b r i c a t i o n  
of a few materials i n  s i n g l e  c r y s t a l  f i b e r  o p t i c  form. 
Funding l e v e l s  f o r  t h e  progran were: 
P e r i o d  01-01-83 to 06-30-84 $42,569 
07-01-84 t o  12-31-85 30,000 
N e t  T o t a l  Support  $72,569 
One g r a d u a t e  s t u d e n t  w a s  p a r t i a l l y  s u p p o r t e d  d u r i n g  t h e  f i r s t  y e a r  of 
t h e  program. T h e r e a f t e r ,  s t a f f  pe r sonne l  were used f o r  t h e  r e s e a r c h  
a c t i v i t i e s .  
11. BACKGROUND 
The need f o r  wide bandwith communications has  been t h e  main 
d r i v i n g  f o r c e  f o r  t h e  development of f i b e r  o p t i c s .  While t h e r e  are  a 
few examples  of polymer-based f i b e r s  o p e r a t i n g  i n  t h e  v i s i b l e  p o r t i o n  
of t h e  spec t rum,  such  as t h e  polymethyl m e t h a c r y l a t e  c a b l e s  by 
Du P o n t ,  f u sed  s i l i c a - b a s e d  glassy f i b e r s  o p e r a t i n g  a t  1 pn c u r r e n t l v  
dominate  t h e  o p t i c a l  communications f i e l d .  The o p t i c a l  a b s o r p r i o n  of 
f u s e d  s i l i c a ,  however, rises r a p i d l y  a t  wavelengths  i n  excess  of 1.5 
pm, and t h i s  l i n i t s  t h e  u t i l i t y  of s i l i c a - b a s e d  f i b e r s  t o  wave leng ths  
s h o r t e r  t h a n  4-5  p. I t  becomes ev iden t  upon i n s p e c t i o n  t h a t  t h e r e  
are o n l y  a few good g l a s s f o r m e r s  which t r a n s m i t  much beyond 8 pm. 
Examples from t h i s  g roup  c u r r e n t l y  under s t u d y  a r e  t h e  HfFq-based 
glasses  w i t h  minimum d i s p e r s i o n  s l i g h t l y  under 2 pm, t h e  ZrFq-ThF4- 
BaF2  g l a s s e s  which t r a n s m i t  t o  8 pn (11, and Ils2Se3 g l a s s  which 
t r a n s m i t s  t o  12 pm ( 2 ) .  
There  are a l a r g e  number of c r y s t a l l i n e  compounds, however,  which 
do t r a n s m i t  f a r  i n t o  t h e  IR, some i n  excess of 50 pn. These i n c l u d e  
m o s t l y  t h e  b i n a r y  and t e r n a r y  h a l i d e s ,  and a f e w  s e l e c t e d  o x i d e s  and 
c h a l c o g e n i d e s .  It is  c e r t a i n l y  the case t h a t  much less work has been 
c a r r i e d  o u t  t o  s t u d y  I R  t r a n s m i t t i n g  materials i n  s i n g l e  c r y s t a l  f i b e r  
form conpared t o  fused  s i l i c a  f i b e r s .  Some work has  been carried o u t  
on h 2 S 3  and As2Se3 g l a s s e s  i n  f i b e r  form ( 2 ) .  
such  as A g C 1  and AgBr (3), and KRS-5 and T1-Br ( Z ) ,  have been e x t r u d e d  
as p o l y c r y s t a l l i n e  f i b e r s .  However, t h e  heavy metal h a l i d e s  have 
r e l a t i v e l y  h i g h  i n d i c e s  of r e f r a c t i o n  and are less  d e s i r a b l e  t h a n  low 
i n d e x  materials. I n  a d d i t i o n ,  p o l y c r y s t a l l i n e  f i b e r s  have t h e  u s u a l  
problems a s s o c i a t e d  w i t h  g r a i n  boundar ies .  I m p r e s s i v e  r e s u l t s  have  
r e c e n t l y  been r e p o r t e d  i n  t h e  domest ic  and J a p a n e s e  l i t e r a t u r e  on t h e  
g rowth  of s i n g l e  c r y s t a l  o p t i c a l  f i b e r s  o f  l o w  m e l t i n g  h a l i d e s ,  s u c h  
as AgBr  ( 4 )  and KRS-5 ( 5 ) .  Uniform, I R  t r a n s p a r e n t  s i n g l e  c r y s t a l  
f i b e r s  have been grown i n  l e n g t h s  exceed ing  one meter. 
A number of h a l i d e s ,  
While t h e s e  advances  are  f a i r l y  i m p r e s s i v e ,  t h e  d i f f i c u l t i e s  i n  
f a b r i c a t i n g  s i n g l e  c r y s t a l  m a t e r i a l s  i n  f i b e r  o p t i c  form are s u f f i -  
c i e n t l y  g r e a t  t h a t  i t  i s  s a f e  t o  assume t h e y  w i l l  neve r  be s u i t a b l e  as 
p a s s i v e  t r a n s m i s s i o n  media a t  l e n g t h s  ove r  a few meters. I n  f a c t ,  t h e  
g r e a t e s t  a p p l i c a t i o n  f o r  s i n g l e  c rys ta l  o p t i c a l  f i b e r s  w i l l  l i k e l y  be 
i n  l e n g t h s  of on ly  a few m i l l i m e t e r s  to  a few c e n t i m e t e r s  - i n  a p p l i -  
c a t i o n s  which make use  of t h e i r  unique p r o p e r t i e s  such as o p t i c a l  
a n i s o t r o p y ,  e l e c t r o - o p t i c  a c t i v i t y  and o p t i c a l  n o n l i n e a r i t y .  
A t  t h e  t i m e  t h i s  c o o p e r a t i v e  e f f o r t  w a s  conce ived ,  t h e  s i n g l e  
c r y s t a l  f i b e r  growth program a t  S t an fo rd  was be ing  r a p i d l y  expanded t o  
i n c l u d e  t h e  p r e p a r a t i o n  of a wide range o f  m a t e r i a l s  by u s i n g  b o t h  an 
e x i s t i n g  l a s e r - h e a t e d  p e d e s t a l  growth t e c h n i q u e  and a v a r i a t i o n  of a 
p r o c e s s  used by Br idges  ( 4 )  which w e  r e f e r  t o  a s  t h e  c a p i l l a r y - f e d  
f i b e r  growth t echn ique .  It was n a t u r a l  t h e r e f o r e  t h a t  an e x p l o r a t o r y  
program on I R  t r a n s m i t t i n g  o p t i c a l  f i b e r  materials be c a r r i e d  o u t  
h e r e .  
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111. APPROACH 
During t h e  f i r s t  yea r  of t h i s  program two areas of emphas is  were 
s e l e c t e d .  The main e f f o r t  was d i r e c t e d  t o  t h e  p r e p a r a t i o n  of s i n g l e  
c r y s t a l  o p t i c a l  f i b e r s  of t h e  c h a l c o p y r i t e  compound AgGaS2 f o r  h e t e r -  
odyne d e t e c t i o n  of mid i n f r a r e d  wavelenths  u s i n g  s i l i c o n - b a s e d  d e t e c t o r  
technology.  AgGaS2 a t  t h e  t i m e  was under  ac t ive  s t u d y  i n  t h i s  l abora -  
t o r y  f o r  n o n l i n e a r  a p p l i c a t i o n s  i n  b u l k  c r y s t a l  form. C r y s t a l s  were 
b e i n g  grown by t h e  v e r t i c a l  Bridgman method and c h a r a c t e r i z e d  by con- 
v e n t i o n a l  o p t i c a l  methods.  It was d e c i d e d  t o  app ly  s e v e r a l  o p t i c a l  
f i b e r  growth  t e c h n i q u e s  t o  t h i s  m a t e r i a l  t o  d e t e r m i n e  i f  i t  cou ld  b e  
f a b r i c a t e d  as a s i n g l e  c r y s t a l  o p t i c a l  f i b e r  w i t h  h i g h  enough o p t i c a l  
q u a l i t y  t o  be  of pract ical  use.  
A much smaller e f f o r t  w a s  s imul t aneous ly  devoted  t o  t h e  prepara-  
t i o n  of  KRS-5 i n  s i n g l e  c r y s t a l  f i b e r  form u s i n g  equipment  and tech-  
n i q u e s  deve loped  p r e v i o u s l y  a t  S tanford  w i t h  s u p p o r t  from t h e  Naval 
Resea rch  L a b o r a t o r i e s .  
IV. TEcEiNIcAL SUMMBRY 
A. 
T h i s  material and i t s  c l o s e l y - r e l a t e d  c o u s i n ,  AgGaSe2, are c u r r e n t -  
Growth of &Gas2 in Optical Fiber Form 
l y  t h e  b e s t  unders tood  of t h e  c h a l c o p y r i t e  compounds t h a t  are known t o  
be h i g h l y  u s e f u l  a s  mixers  and doub le r s  i n  t h e  I R .  AgGaS2 has  shown t o  
be c o n t i n u o u s l y  phase-matchable  throughout  i t s  e n t i r e  t r a n s p a r e n c y  
r e g i o n  from 0.45-12 Urn. Lacking s t r o n g  t e m p e r a t u r e  t u n i n g  c h a r a c t e r i s -  
t i c s  t o  a c h i e v e  s p e c i f i c  phase matching c o n d i t i o n s ,  AgGaS2 rods  n u s t  be  
c u t  ( o r  grown) w i t h i n  narrow o r i e n t a t i o n a l  l i m i t s .  The development  of 
t e c h n i q u e s  t o  grow c l ea r ,  o r i e n t e d  AgGaS2 rods  a long  p a r t i c u l a r  c r y s t -  
a l l o g r a p h i c  d i r e c t i o n s  t h e r e f o r e  c o n t i t u t e d  t h e  main r e s e a r c h  cha l -  
l e n g e .  The s p e c i f i c  wave len ths  being sought  f o r  f r equency  s h i f t i n g  t o  
t h e  1 pm r e g i o n  by d i r f e r e n c e  frequency g e n e r a t i o n ,  and t h e  r e q u i r e d  
phase  matching a n g l e s  assuming a 1.06 pm Nd:YAG pump wavelen th  were: 
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-- 
S i g n a l  Pump Phasematching  Angle 
12.4 pm 1.064 pm 40" Type I1 
8 Pm 1.064 pm 
4 P 1.064 p 
50" Type I1 
90" Type 11 
In t h e  b u l k  c r y s t a l  growth of t h i s  mater ia l ,  which i s  norma l ly  
c a r r i e d  o u t  i n  s e a l e d  fused  s i l i c a  ampoules a t  996"C, i t  i s  p o s s i b l e  t o  
grow c r y s t a l s  o n l y  a long  o r  near t o  t h e  c-axis. T h i s  i s  due t o  t h e  
anomolous thermal  p r o p e r t i e s  of AgGaS2 which cause  i t  t o  expand a l o n g  
t h e  c-axis d u r i n g  c o o l i n g .  I f  the c-axis i s  t i p p e d  t o o  f a r  from t h e  
ax i s  of t h e  growth ampoule,  a n e t  t r a n s v e r s e  expans ion  can occur  d u r i n g  
c o o l i n g  which produces  a d i s a s t e r o u s  r e s u l t  b o t h  on t h e  c r y s t a l  and on 
t h e  fused  s i l i c a  ampoule. The d e s i r e  t o  grow AgGaS2 f i b e r s  w i t h  t h e  
c-axis t i p p e d  40"-9O0 o f f  t h e  f i b e r  axis t h u s  posed some concern .  
All of t h e  c r y s t a l  growth exper iments  c a r r i e d  o u t  on t h e  prepara-  
t i o n  of s i n g l e  c r y s t a l  f i b e r s  were based  on o u r  long  e x p e r i e n c e  w i t h  
t h e  growth of bu lk  AgGaS2 c r y s t a l s .  A comple te  t e c h n i c a l  r e p o r t  o f  t h e  
h i g h l y  s u c c e s s f u l  r e s u l t s  from t h a t  work are i n c l u d e d  i n  t h i s  document 
as Appendix I. In f a c t ,  a p o r t i o n  of t h e  fund ing  f o r  t h i s  program was 
devo ted  t o  s t u d i e s  of  o p t i c a l  d e f e c t s  i n  b u l k  c r y s t a l s  which i s  covered  
r a t h e r  t ho rough ly  i n  t h e  appended document. 
Because of t h e  a n t i c i p a t e d  d i f f i c u l t i e s  i n  growing AgGaS2 i n  
s i n g l e  c r y s t a l  f i b e r  form, a number of d i f f e r e n t  approaches  were under- 
t a k e n .  These are summarized in Table  1 and e a c h  is  d i s c u s s e d  i n  t u r n  
i n  t h e  f o l l o w i n g  s e c t i o n s .  
1. Direct Fusion by the Laser-Eeated Pedestal Growth Method 
The f i r s t  s e t  of expe r imen t s  was c a r r i e d  o u t  i n  t h e  l a s e r - h e a t e d  
p e d e s t a l  growth (LHPG) a p p a r a t u s  which is d e s c r i b e d  in Appendix IT. 
T h i s  method i s  i d e a l l y  s u i t e d  t o  the  growth of materials where one 
n u s t  be concerned  about  mechanical  c o n s t r a i n t  s i n c e  none o c c u r s .  The 
c r o s s - s e c t i o n  of  t h e  growing f i b e r  c rys t a l  i s  c o n t r o l l e d  e s s e n t i a l l y  by 
s u r f a c e  t e n s i o n  e f fec ts  and growth ra te  a n i s o t r o p y .  
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TABLE 1 
AgGaS~Growth Method 
Direct growth from the  
m e 1  t (open sys  tem) 
Direct growth from t h e  
m e l t  ( e n c a p s u l a t e d ,  warm 
w a l l ,  c a p i l l a r y  s y s  tem) 
S o l u t i o n  growth from 
Sb2S3 ( e n c a p s u l a t e d ,  h o t  
w a l l ,  c a p i l l a r y  system) 
Growth Temperature  
996 O C 
996°C 
550-600" C 
E q ui pmen t 
Laser Heated P e d e s t a l  
Growth Apparatus  
M i n i a t u r e  zone r e f i n e r  
Modif ied n i n i a t u r e  zone 
r e f i n e r  
&Gas2 m e l t s  c o n g r u e n t l y  a t  996°C and is known t o  be somewhat vola-  
t i l e  a t  i t s  m e l t i n g  p o i n t .  I n  the  LHPG growth method, however, g rowth  
rates of t y p i c a l  f i b e r s  can approach m i l l i m e t e r s / m i n u t e  and t o t a l  t i m e  a t  
t e m p e r a t u r e  f o r  each s e c t i o n  of f i b e r  can be o n l y  a few seconds.  It w a s  
t h e r e f o r e  dec ided  t h a t  t h i s  method shou ld  be t h e  f i r s t  t o  be e v a l u a t e d .  
Expe r imen ta l  P r o c e d u r e s  
Feeds tock  from bu lk  grown c r y s t a l s  w a s  p repa red  i n  t h e  form of 
1 mm2 b a r s  a p p r o x i m a t e l y  3 cm long i n  t h e  c - d i r e c t i o n .  
o r i e n t a t i o n  w a s  d i c t a t e d  by t h e  need f o r  a c-axis seed  which i s  t h e  o n l y  
growth d i r e c t i o n  s u i t a b l e  f o r  Bridgman t y p e  growth due t o  t h e  e x p a n s i o n  
problems d i s c u s s e d  ear l ier .  A f lowing argon ambient  w a s  used i n  the 
g rowth  chamber d u r i n g  t h e  m e l t i n g  expe r imen t s  because  r e a c t i v i t y  seems 
t o  b e  greater i n  oxygen-containing environments .  
The c h o i c e  o f  
R e s u l t s  
I n  a l l  a t t e m p t s  t o  a c h i e v e  a molten zone u s i n g  b o t h  s low and f a s t  
h e a t i n g  ra tes ,  s i g n i f i c a n t  e v a p o r a t i o n  w a s  obse rved  a t  t e n p e r a t u r e s  
below t h e  m e l t i n g  p o i n t .  A t  t h e  me l t ing  p o i n t  e v a p o r a t i o n  w a s  so r a p i d  
t h a t  s t e a d y - s t a t e  growth was imposs ib l e .  Upon c o o l i n g ,  t h e  s o l i d i f i e d  
m e l t  was found t o  be b l a c k  and m e t a l l i c  i n  a p p e a r a n c e ,  f i g .  1 ,  i n d i c a t -  
i n g  chemica l  decompos i t ion  had occur red .  
D i s c u s s i o n  
Although t h e  LHPG system does cause  a d e g r e e  of s u p e r h e a t i n g  d u e  
t o  t h e  t i g h t l y  focused  laser  beam, i t  was concluded t h a t  AgGaS2 i s  
s imply  too r e a c t i v e  and v o l a t i l e  near i t s  m e l t i n g  p o i n t  t o  be grown i n  
a n  open system. Even though t h e  vapor p r e s s u r e  of s u l f u r  o v e r  AgGaS2 i s  
l o w ,  t hough t  t o  be on ly  a few t e n s  of microns a t  t h e  m e l t i n g  p o i n t ,  t h i s  
i s  e v i d e n t l y  s u f f i c i e n t  t o  a l l o w  decomposi t ion t o  occur  i n  an open sys -  
t e m  p a r t i c u l a r l y  when t h e  s u r f a c e  a r e a  t o  volume r a t i o  i s  v e r y  large as 
i t  i s  i n  f i b e r  growth. The r e s u l t s  of these  e x p e r i m e n t s  s u g g e s t e d  t h a t  
w e  would e i t h e r  have t o  accomplish a s i g n i f i c a n t  r e d u c t i o n  i n  g rowth  
t e m p e r a t u r e  i n  o r d e r  t o  c o n t i n u e  using an open sys t em,  o r  r e s o r t  t o  a 
s e a l e d  q u a r t z  s y s t e m .  
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2. C a p i l l a r y  Growth Directly from the M e l t  
The second approach i n v e s t i g a t e d  i n v o l v e d  t h e  m e l t  growth of 
AgGaS2 i n s i d e  a 1 mm I D  fu sed  q u a r t z  c a p i l l a r y  tube .  
a r r angemen t  i s  shown i n  f i g .  2a .  Growth i n  t h i s  " f l o a t i n g  zone" pro- 
c e d u r e  i s  c a r r i e d  o u t  by c r e a t i n g  a small  mol t en  zone w i t h  a l o c a l i z e d  
h e a t e r ,  and then c a u s i n g  t h e  molten zone t o  p a s s  a long  t h e  f e e d  r o d  by 
t r a n s l a t i n g  t h e  h e a t e r .  
The b a s i c  
Ex p e r  i m  e n  t a1 P r o c e d u r e  s 
For t h e s e  e x p e r i m e n t s ,  s e v e r a l  1 mm d i a m e t e r  r o d s  of AgGaS2 pre- 
v i o u s l y  grown by t h e  v e r t i c a l  Bridgman method were f a b r i c a t e d .  The 
o r i e n t a t i o n  w a s  chosen w i t h  t h e  axis  of t h e  r o d s  a long  t h e  c-axis, 
wh ich  w a s  done t o  eliminate any t h e r m a l  expans ion  problems a t  f i r s t .  
P r i o r  t o  l o a d i n g ,  t h e  f u s e d  q u a r t z  c a p i l l a r i e s  were c o a t e d  w i t h  a t h i n  
l a y e r  of carbon t h r o u g h  which l i g h t  cou ld  pass by t h e  p y r o l y s i s  o f  
a c e t o n e  vapor .  ( A  t h i n  c o a t i n g  of p y r o l y t i c  ca rbon  is known t o  be 
e s s e n t i a l  i n  o r d e r  t o  p r e v e n t  r e a c t i o n  between AgGaS2 a t  i t s  m e l t i n g  
p o i n t  and t h e  fused  q u a r t z  capsule . )  A f t e r  l o a d i n g  several of t h e  
,4gC,aS2 r o d s ,  t h e  c a p i l l a r i e s  were e v a c u a t e d ,  t hen  b a c k - f i l l e d  w i t h  
p u r i f i e d  argon (0.5 atm) and f i n a l l y  s e a l e d  o f f .  The a rgon  b a c k f i l l  
w a s  used t o  minimize t h e  t r a n s p o r t  of s u l f u r  w i t h i n  t h e  growth c a p i l -  
l a r y  due t o  the rma l  g r a d i e n t s  p r e s e n t  d u r i n g  growth. 
The b a s i c  t h e r m a l  geometry used f o r  t h e s e  expe r imen t s  was a 
"broad" peak as shown i n  f i g .  2b. The f u r n a c e  i t s e l f  was c o n s t r u c t e d  
o f  t h r e e  c l o s e l y  spaced t u r n s  of suppor t ed  Kan tha l  wire and t h i s  w a s  
su r rounded  by a go ld -coa ted  q u a r t z  r e f l e c t o r  a s  shown i n  f i g .  3 .  
P r o v i s i o n s  were made t o  view t h e  c a p i l l a r y  tube  i n  t h e  r e g i o n  of t h e  
h o t  zone: w i t h  t h e  t h i n  t r a n s p a r e n t  c o a t i n g  of p y r o l y t i c  carbon on 
t h e  i n t e r i o r  of t h e  c a p i l l a r y  i t  was hoped we would be a b l e  t o  see t h e  
moLten zone. 
The f u r n a c e  s y s t e m  used w a s  a commercial  zone r e f i n e r  o r i g i n a l l y  
d e s i g n e d  f o r  low rnelcing o r g a n i c  compounds and r e b u i L t  f o r  t h e s e  
e x p e r i m e n t s  . 
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Experiments  were c a r r i e d  ou t  f i r s t  w i t h  t h e  growth zone s t a t i o n a r y  
t o  o b s e r v e  molten zone behav io r  and then  w i t h  t h e  mol ten  zone t r a n s l a -  
t i n g  un i fo rmly  upward a t  a r a t e  of 1 uun/hour which i s  c l o s e  t o  t h e  
ra te  used f o r  bu lk  growth of AgGaS2 c r y s t a l s  i n  27 m d i a m e t e r  s i z e s .  
A f t e r  s e v e r a l  hour s  of growth ,  the c a p i l l a r i e s  were cooled  s lowly  and 
s e c t i o n e d  f o r  n i c r o s c o p i c  examinat ion.  
R e s u l t s  
With Tmax=1040"C a mol ten  zone of  - 2 rmn i n  h e i g h t  was esta- 
b l i s h e d .  Immediately upon me l t ing ,  many s u r f a c e  bubb les  were observed  
i n  t h e  mol ten  zone. The bubb les  were a c t i v e ,  con t inued  to  form f o r  10 
m i n u t e s  and then  became more q u i e s c e n t .  Uniform growth w a s  t h e n  
c a r r i e d  out .  S e v e r a l  of t h e  c a p i l l a r i e s  were found t o  be c racked  
a f t e r  c o o l i n g ,  f i g .  4a. After mounting and s e c t i o n i n g  i t  w a s  obse rved  
t h a t  s e r i o u s  decomposi t ion  of t h e  AgGaS2 had occur red  i n  t h e  mol t en  
zone.  R e s i d u a l  m a t e r i a l  w a s  b lack ,  i n d i c a t i n g  s u l f u r  d e f i c i e n c y ,  f i g  
4b. Fur thermore ,  v o i d s  were found which i n d i c a t e  t h a t  t h e  l i q u i d  
b r i d g e  between t h e  s o u r c e  and seed segments  of t h e  cha rge  had broken 
when t h e  e x s o l u t i o n  of a g a s  phase had o c c u r r e d  d u r i n g  s o l i d i f i c a t i o n  
as shown i n  f i g .  4b. F u r t h e r  i n s p e c t i o n  of  t h e  samples  i n d i c a t e d  t h a t  
where t h e  AgGaS2 n e l t e d ,  t h e r e  was a s t r o n g  mechanica l  i n t e r a c t i o n  
w i t h  t h e  fused  q u a r t z  c a p i l l a r y  l ead ing  t o  t h e  e x t e n s i v e  c r a c k i n g  of 
t h e  c r y s t a l  as shown i n  f i g .  4c. 
D i s c u s s i o n  
The growth of AgGaS2 d i r e c t l y  from t h e  m e l t  i n  fused  q u a r t z  c a p i l -  
l a r i e s ,  on t h e  b a s i s  of t h e s e  expe r imen t s ,  does  n o t  seem promis ing .  
The pr imary  problems,  s u r f a c e  bubble f o r m a t i o n  on t h e  c a p i l l a r y  w a l l s  
and i n t e r a c t i o n  w i t h  t h e  fused  q u a r t z  c a p i l l a r i e s ,  a r e  d i f f i c u l t  t o  
overcome. ( S u r f a c e  bubble  f o r n a t i o n  o c c u r s  i n  bu lk  growth of AgGaS2 as 
w e l l ,  and i n  bu lk  growth o n l y  the  u s e  of  p r e c i s i o n  t ape red  fused  
q u a r t z  growth ampoules and accu ra t e  c -ax i s  s eed ing  make p o s s i b l e  t h e  
s u c c e s s f u l  e x t r a c t i o n  of t h e  b o u l e s  from t h e i r  fused  q u a r t z  growtn 
ampoule .) 
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A more promis ing  approach was f e l t  t o  be t h e  lower ing  of t h e  
growth  t empera tu re  by s o l u t i o n  growth methods.  
3 .  Growth from Solution by t h e  Travelling Heater Method 
The f i r s t  problem encoun te red  i n  s o l u t i o n  growth i s  i d e n t i f y i n g  an 
optimum s o l v e n t .  AgzS, i t s e l f  a c o n s t i t u e n t  of AgGaS2, i s  one p o s s i -  
b i l t y  and i t  has  been used w i t h  some, bu t  no t  t o t a l ,  s u c c e s s  i n  t h i s  
l a b o r a t o r y  f o r  t h e  p r e p a r a t i o n  of b u l k  c r y s t a l s .  These e x p e r i m e n t s  
are d e s c r i b e d  i n  Appendix I. A p o t e n t i a l  advan tage  of low t e m p e r a t u r e  
f l u x  i s  t h a t  p r e c i p i t a t e - f r e e  AgGaS2 might be o b t a i n e d .  Using Ag2S as 
a s o l v e n t ,  w e  d i d  show t h a t  i t  i s  p o s s i b l e  t o  grow AgGaS2 f r e e  of 
p r e c i p i t a t e s  by choos ing  a composi t ion  t o  y i e l d  a l i q u i d u s  t e m p e r a t u r e  
a t  o r  below 900°C. 
800"C, however,  and i n  t h i s  t empera tu re  r ange ,  s u r f a c e  bubb les  a t  t h e  
wal l s  and i n t e r a c t i o n  w i t h  fused  q u a r t z  ampoules s t i l l  occur .  For  
t h a t  r e a s o n  w e  d i d  n o t  c o n s i d e r  i t  a p r a c t i c a l  f l u x  f o r  t h e s e  s t u d i e s .  
Ag2S canno t  be used a t  t e m p e r a t u r e s  much below 
Two r e l a t i v e l y  low t empera tu re  f l u x e s  f o r  AgGaS2 have  been devel -  
oped a t  t h e  Hughes Research  L a b o r a t o r i e s  by S a s h i t a l  (6, 7 )  f o r  LPE 
growth  of low r e s i s t i v i t y  AgGaS2 l a y e r s .  The two f l u x e s  are Sb2S3, 
which forms a e u t e c t i c  w i t h  AgGaS2 a t  495"C, and KCL, which forms a 
e u t e c t i c  w i t h  AgGaS2 a t  732°C. 
F i g u r e  5. Although KC1 is  more a t t r a c t i v e  from t h e  p o i n t  of v iew of 
b e i n g  e a s i l y  removed w i t h  w a t e r ,  o p e r a t i n g  t e m p e r a t u r e s  are i n  t h e  
800°C range .  With Sb2S3 s i g n i f i c a n t l y  lower t e m p e r a t u r e s  i n  t h e  600°C 
r a n g e  are p o s s i b l e .  Fur thermore ,  from t h e  LPE r e s u l t s  of S a s h i t a l ,  
b e t t e r  l a y e r  morphology appeared  t o  r e s u l t  from t h e  Sb2S3 f l u x .  Hence 
Sb2S3 w a s  chosen f o r  e v a l u a t i o n  by t h e  t r a v e l l i n g  s o l v e n t  method. 
The phase  e q u i l i b r i a  are shown i n  
The o p t i c a l  q u a l i t y  of AgGaS2 grown from Sb2S3 s o l u t i o n s  i s  n o t  
w e l l  e s t a b l i s h e d  from t h e  p r e v i o u s l y  r e f e r e n c e d  work ( 6 )  s i n c e  p a t h  
l e n g t h s  f o r  t h e i r  o p t i c a l  p ropaga t ion  r equ i r emen t s  were v e r y  s h o r t .  
O p t i c a l  p a t h  l e n g t h s  i n  ou r  p r o j e c t e d  a p p l i c a t i o n s  were a n t i c i p a t e d  t o  
be i n  t h e  o r d e r  of 1 cm and hence o p t i c a l  q u a l i t y  was impoL,  r + a n t  t o  
d e t e r m i n e  and c o n t r o l .  
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Exper imen ta l  P r o c e d u r e s  
One of t h e  c o n c l u s i o n s  from our  ne l t  growth expe r imen t s  j u s t  
d e s c r i b e d  was t h a t  &Gas2 r e q u i r e s  a h o t  w a l l  environment  t o  p r e v e n t  
decompos i t ion  of t h e  mol t en  material .  The f u r n a c e  assembly i n  t h e  
zone r e f i n e r  w a s  t h e r e f o r e  r e b u i l t  as a 5 5 0 ° C  "C"-shaped h e a t  p i p e  
w i t h  a 600°C s p i k e  i n  t h e  c e n t e r ,  f i g .  6 .  The o b j e c t i v e  of t h i s  
d e s i g n  w a s  t o  m a i n t a i n  the e n t i r e  cha rge  a t  5 5 0 ° C  e x c e p t  f o r  t h e  
narrow molten zone m a i n t a i n e d  somewhat h o t t e r  (600°C) by t h e  s p i k e  
h e a t e r .  I n  o r d e r  t o  enhance m e l t  i n t e r f a c e  s t a b i l i t y  i t  i s  d e s i r a b l e  
t o  create a r e l a t i v e l y  s h o r t  molten zone w i t h  h i g h  the rma l  g r a d i e n t s  
a t  the d i s s o l v i n g  and r e c r y s t a l l i z i n g  i n t e r f a c e s .  Hence t h e  the rma l  
s p i k e  was made as s h o r t  as p o s s i b l e .  A t y p i c a l  t e m p e r a t u r e  g r a d i e n t  
i s  shown i n  f i g .  7 .  S i m i l a r  1 m I D  f u s e d  q u a r t z  c a p i l l a r i e s  were 
used and t h e  same c-axis 1 mm d i ame te r  AgGaS2 f e e d s t o c k  w a s  used as 
w e l l .  The i m p o r t a n t  d i f f e r e n c e  however w a s  t h e  a d d i t i o n  of  a 50 mg 
p e l l e t  of Sb2S3 also shown i n  f i g .  7 .  It w a s  e s t i m a t e d  t h a t  a t  600°C 
t h i s  amount of Sb2S3 i n  c o n t a c t  with s o l i d  &Gas2 shou ld  have y i e l d e d  
a mol t en  zone of 2 mm i n  l e n g t h .  A s  i n  t h e  n e l t  growth expe r imen t s  
a t r a n s p a r e n t  c o a t i n g  of p y r o l y t i c  ca rbon  was a p p l i e d  t o  t h e  i n t e r i o r s  
of t h e  c a p i l l a r i e s  and an 0 . 5  a t m  b a c k f i l l  of p u r i f i e d  argon w a s  used 
p r i o r  t o  s e a l i n g  o f f .  
The zone r e f i n e r  gearbox w a s  r e b u i l t  t o  a c h i e v e  t h e  s l o w  t r a n s l a -  
t i o n  ra tes  t h a t  are r e q u i r e d  f o r  s o l u t i o n  o r  f l u x  growth. While crys-  
t a l s  can be grown from pure  m e l t s  a t  growth r a t e s  of a p p r o x i m a t e l y  1 
mm/hour, s t a b l e  growth from s o l v e n t s  r a r e l y  exceeds  1 mm/day. Growth 
r a t e s  used i n  ou r  expe r imen t s  were 0.5 rndday  and expe r imen t s  v a r i e d  
i n  l e n g t h  up t o  20 days.  A t  t h e  t e r m i n a t i o n  of growth,  t h e  f u r n a c e s  
w e r e  cooled a t  - 200"C/min. 
R e s u l t s  
Quar t z  c a p i l l a r i e s  could b e  i n s p e c t e d  a t  t e m p e r a t u r e  i n  t h e  h e a t  
p i p e  Eurnce th rough  a viewing a p e r a t u r e .  When t h e  s p i k e  t e m p e r a t u r e  
1 
-10- 
r eached  a p p r o x i m a t e l y  6OO0C, wet t ing  of t h e  q u a r t z  walls by molten 
s o l v e n t  cou ld  be seen .  However, it w a s  n o t  p o s s i b l e  t o  d e t e r m i n e  i f  
s u r f a c e  bubb les  were p r e s e n t  o r  i f  t h e  l i q u i d  zone spanned t h e  gap 
between t h e  s o u r c e  and f eed  rods .  (The zone w a s  moved upwards and 
s i n c e  t h e  f eed  rod w a s  unsupported i n  t h e  q u a r t z  c a p i l l a r y ,  g r a v i t a -  
t i o n a l  s e t t l i n g  was assumed t o  c o n s o l i d a t e  t h e  mol t en  zone. 
Q u a r t z  c a p i l l a r i e s  s u r v i v e d  t h e  growth and c o o l i n g  uncracked as 
opposed t o  t h e  m e l t  growth s i t u a t i o n  where c r a c k i n g  o c c u r r e d .  When 
t h e  growth ampoules were s e c t i o n e d  i t  cou ld  c l e a r l y  be  s e e n  t h a t  
m e l t i n g  of t h e  Sb2S3 s o l v e n t  had o c c u r r e d  and t h a t  t h e  AgGaS2 i n  
c o n t a c t  w i t h  t h e  mol t en  s o l v e n t  had n o t  decomposed t o  any a p p r e c i a b l e  
e x t e n t .  U n f o r t u n a t e l y  i t  w a s  also found t h a t  t h e  mol t en  zone had 
deve loped  v o i d s  a n d / o r  broken down i n t o  s e v e r a l  segments ,  F i g u r e  8 .  A 
clean t r a n s v e r s e  l i q u i d - s o l i d  i n t e r f a c e  was n o t  found. Nor w a s  any 
s t r o n g  e v i d e n c e  of mol t en  zone movement s e e n .  No r e c r y s t a l l i z e d  
AgGaS2 w a s  found under  mic roscop ic  examina t ion  from which e v a l u a t i o n  
of  o p t i c a l  q u a l i t y  could have been made. 
D i s c u s s i o n  
The main c o n c l u s i o n s  drawn from t h e s e  s o l u t i o n  growth expe r imen t s  
were t h a t  s u r f a c e  t e n s i o n  e f f e c t s  i n  1 m s i z e  c a p i l l a r i e s  are s u f f i -  
c i e n t  t o  cause  breakup of Sb2S3 s o l v e n t  zones i n  c o n t a c t  w i t h  AgGaS2, 
and s low v o l a t i l i z a t i o n  of a vapor s p e c i e s  p r o b a b l y  s t i l l  o c c u r s  
l e a d i n g  t o  t h e  f o r m a t i o n  of vo ids  i n  the  c a p i l l a r y .  R e a c t i v i t y  w i t h  
t h e  c a r b o n i z e d  q u a r t z  c a p i l l a r i e s  d i d  no t  a p p e a r  t o  be a problem. 
4 .  Fabrication of AgGaS:, Rods from Bulk Crystals 
While the  c r y s t a l  growth experiments  were i n  p r o g r e s s ,  s e v e r a l  
1 mm d i a m e t e r  rods of nomina l ly  1 cm i n  l e n g t h  were f a b r i c a t e d  from 
b u l k  mater ia l .  The pu rpose  i n  doing t h i s  w a s  t o  tes t  t h e i r  h a n d l i n g  
p r o p e r t i e s ,  end face p o l i s h i n g  d i f f i c u l t i e s ,  and t u n i n g  problems due  
t o  g e o m e t r i c a l  a p e r t u r i n g  w i t h  tuning a n g l e .  With AgGaS2 c r y s t a l s ,  
t h e  e x a c t  phase matching c o n d i t i o n s  must be ach ieved  by a n g l e  t u n i n g :  
t h e  t e m p e r a t u r e  t u n i n g  c o e f f i c i e n t s  are too  small f o r  e f f e c t i v e  u s e .  
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With long  rods  of small d i a m e t e r ,  o n l y  s m a l l  t u n i n g  a n g l e s  are p o s s i -  
b l e  so  t h e i r  o r i e n t a t i o n s  become c r i t i c a l l y  i m p o r t a n t .  The axes of 
t h e  r o d s  must he w i t h i n  f r a c t i o n s  of a degree  of t h e  phase ma tch ing  
a n g l e .  Th i s  c o n s t r a i n t  must apply b o t h  i n  growing long  rods  and i n  
c u t t i n g  them from bulk  specimens.  O r i e n t e d  rods  were p repa red  i n  two 
o r i e n t a t i o n s ,  Type 11, 41" and 50' which co r re sponds  t o  phase ma tch ing  
f o r  1 2  pm and 8 pm, r e s p e c t i v e l y ,  f o r  up-conversion w i t h  a 1.06 i~ .m 
pump wavelength .  Bulk c r y s t a l s  were f i r s t  c u t  and end f a c e s  p o l i s h e d  
normal  t o  t h e  p r o p a g a t i o n  d i r e c t i o n .  Long s q u a r e  c r o s s - s e c t i o n  b a r s  
were t h e n  c u t  and t h e s e  were c a r e f u l l y  rounded on a p r e c i s i o n  m i c r o  
c e n t e r l e s s  g r i n d e r  so as t o  minimize ch ipp ing  of t h e  a l r e a d y  p o l i s h e d  
end f a c e s .  
In g e n e r a l  i t  w a s  found t h a t  t he  41" rods  were more f r a g i l e  t h a n  
t h e  50" rods  probably  because  t h e  p l a n e  w i t h  easy  c l e a v a g e ,  (112 ) ,  i s  
o r i e n t e d  i n  a more normal d i r e c t i o n .  T h i s  would no t  be a problem w i t h  
rods  having  a h i g h l y  p o l i s h e d  s u r f a c e  because  t h e  s u r f a c e  d e f e c t s  
where c l e a v a g e  n u c l e a t e s  would be n in imized .  
I n  h a n d l i n g  a wide v a r i e t y  of o x i d e  f i b e r s  over  t h e  p a s t  s i x  y e a r s  
w e  have found t h a t  t he  b e s t  way t o  p o l i s h  end f a c e s  on a s u b m i l l i m e t e r  
rod i s  t o  f i r s t  epoxy t h e  rod i n t o  a g l a s s  o r  q u a r t z  c a p i l l a r y  t u b e  
which t h e n  s u p p o r t s  i t  d u r i n g  c u t t i n g  and p o l i s h i n g .  The p r e p o l i s h i n g  
p rocedure  was used f o r  expediency .  
The o r i e n t e d  and p o l i s h e d  rods were d e l i v e r e d  t o  NASA/Ames d u r i n g  
t h e  f i r s t  18 months of t h e  program f o r  t e s t i n g  and e v a l u a t i o n .  
B. Growth of KRS-5 in O p t i c a l  Fiber Form 
The KRS-5 f i b e r  growth technology w a s  developed at  S t a n f o r d  under  
a program sponsored  by NRL/DARPA. The b a s i c  c o n f i g u r a t i o n  i s  based on 
a d e s i g n  developed  by T. J.  Bridges -- e t  al. ( 8 ) .  A schemat i c  is shown 
i n  f i g .  9 .  The main components of t h e  system i n c l u d e :  ( 1 )  a p r e s s u r -  
i z e d  q u a r t z  r e s e r v o i r  and c a p i l l a r y  f eed  t u b e ,  ( 2 )  a f u r n a c e  w i t h  a 
sepa ra t e ly  a d j u s t a b l e  a f t e r h e a t e r ,  ( 3 )  a co ld  f i n g e r ,  ( 4 )  a f i b e r  
g u i d i n g  x-y s t a g e ,  ( 5 )  a f i b e r  winding drum, ( 6 )  a q u a r t z  shroud o v e r  
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t h e  growth zone, ( 7 )  a p r e s s u r i z a t i o n  system t o  p r e s s u r i z e  t h e  reser- 
v o i r  and c a p i l l a r y ,  and (8) p r e c i s i o n  t e m p e r a t u r e  c o n t r o l l e r s  f o r  t h e  
f u r n a c e  and a f t e r - h e a t e r .  I n  t h i s  system c o n f i g u r a t i o n ,  t h e  f i b e r s  
are p u l l e d  upward d u r i n g  growth.  They must a l s o  be t o t a l l y  con- 
s t r a i n e d  by t h e  mechan ica l  f i b e r  gu ides  because  h a l i d e  melts have v e r y  
low v i s c o s i t y .  
The on ly  s e r i o u s  problem encountered was f i b e r  g u i d i n g  above t h e  
growth i n t e r f a c e .  As B r i d g e s  d i d  i n  h i s  o r i g i n a l  work (81, we r e l i e d  
on a somewhat o v e r s i z e d  and s l i g h t l y  curved t e f l o n  s l e e v e  t o  g u i d e  t h e  
f i b e r  as i t  i s  p u l l e d  from t h e  m e l t  and wound on t h e  drum. The t h e o r y  
i s  that t h e  f i b e r  s h o u l d  touch  t h e  s l e e v e  i n  only t h r e e  p l a c e s  and 
that  t h e  f i b e r  shou ld  be  mechan ica l ly  c o n t r a i n e d .  However, t h i s  tech-  
n i q u e  has  not  proven t o  be v e r y  s a t i s f a c t o r y  because  when s l i g h t  
d i a m e t e r  f l u c t u a t i o n s  come i n t o  c o n t a c t  w i t h  t h e  t e f l o n  s l e e v e ,  t h e  
f r e e  end of t h e  f i b e r  i n  t h e  m e l t  moves s ideways and t h i s  i n t r o d u c e s  a 
new d i a m e t e r  p e r t u r b a t i o n .  We o r i g i n a l l y  t r i e d  a number of mod i f i ca -  
t i o n s  t o  t h e  t e f l o n  s l e e v e  geometry. However, none proved t o t a l l y  
s u c c e s s f u l  a t  e l i m i n a t i n g  p e r t u r b a t i o n s  and d i a m e t e r  f l u c t u a t i o n s .  
Dur ing  t h i s  program, s e v e r a l  s u b m i l l i m e t e r  KRS-5 f i b e r s  i n  t h e  o r d e r  
of 10-20 c m  long were p repa red  and d e l i v e r e d  t o  NASAfAmes f o r  eva lua -  
t i o n .  T h e i r  o p t i c a l  q u a l i t y  appeared t o  be v e r y  good i n  t h e  s h o r t  
r a n g e ,  f i g .  10. Diameter f l u c t u a t i o n s  of 2 10% were p r e s e n t  i n  
t h e s e  f i b e r s ,  however,  due t o  mechanical problems a s s o c i a t e d  w i t h  
g u i d i n g  through t h e  p u l l i n g  appa ra tus .  Core d e f e c t s  were o c c a s i o n a l l y  
o b s e r v e d  i n  the narrow s e c t i o n s ,  probably due t o  i n c l u s i o n s  caused by 
r a p i d  growth rate f l u c t u a t i o n s ,  f i g .  11. 
Y a j o r  r e f i n e m e n t s  i n  t h e  mechanical p u l l i n g  system used f o r  t h e  
KRS-5 growth system t o  e l i m i n a t e  mechanical f l u c t u a t i o n s  d u r i n g  p u l l -  
i n g  were not made, but  i t  w a s  thought t h a t  t he  g u i d i n g  problems cou ld  
be s o l v e d  through such  m o d i f i c a t i o n s .  The development of e x t r u d e d  
p o l y c r y s t a l l i n e  f i b e r s  w i t h  r easonab ly  low a b s o r p t i o n  c o e f f i c i e n t s ,  a t  
t h e  Hughes Research L a b o r a t o r i e s  and e l s e w h e r e ,  has  a l lowed t h e  eva lu -  
a t i o n  of  t h i s  material  i n  s h o r t  d i s t a n c e ,  long wavelength a p p l i c a t i o n s  
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C. I n t e r d i f f u s i o n  Studies in the AgGaSyAgGaSe? S y s t e n  
I n  t h e  ensu ing  y e a r s  s i n c e  the beg inn ing  of t h i s  program, we have 
been seek ing  ways t o  i n c r e a s e  t h e  n o n l i n e a r  o p t i c a l  conve r ion  e f  f i c i -  
e n c i e s  of a number of n o n l i n e a r  o p t i c a l  materials. It w a s  shown n o t  
l ong  ago by P r o f e s s o r  R. L. Byer a t  S t a n f o r d ,  t h a t  o p t i c a l  l i g h t  gu id -  
i n g  can g r e a t l y  i n c r e a s e  t h e  h igh  f i e l d  i n t e r a c t i o n  l e n g t h  i n  t h i n  
f i l m s  and f i b e r s  o v e r  t h e  conven t iona l  Ray le igh  l i m i t e d  focused beam 
o p t i c s  i n  bu lk  c r y s t a l s .  Hence much h i g h e r  conve r s ion  e f f i c i e n c i e s  
can  be  expec ted  from l i g h t  gu id ing  i n  n o n l i n e a r  media.  
Given t h e  o r i g i n a l  g o a l s  of t h i s  program which are i n  p a r t  ach iev-  
i n g  h i g h  conve r s ion  e f  f i c i e n c e s ,  it seemed a p p r o p r i a t e  t o  i n v e s t  t h e  
f i n a l  few months '  e f f o r t s  toward the c r e a t i o n  of o p t i c a l  waveguiding 
i n  AgGaS2. The approach  w a s  to  look a t  t h e  AgGaS2-AgGaSe2 pseudobi-  
n a r y  sys tem i n  which a comple te  s e r i e s  of s o l i d  s o l u t i o n s  has  been 
shown t o  e x i s t  ( 9 ) .  See f i g .  12 f o r  t h e  pseudob ina ry  phase e q u i l i b r i a  
i n  t h e  system. 
AgGaSe2 is  an isomorph of AgGaS2, and h a s  s i m i l a r  o p t i c a l  p roper -  
t i e s  e x c e p t  t h a t  i t s  index  of r e f r a c t i o n  is s l i g h t l y  h i g h e r ,  2.6 vs .  
2.4 and i t s  t r a n s p a r e n c y  range is  a t  s l i g h t l y  l o n g e r  wave leng ths ,  0.7 
- 18 pm vs .  0.45 - 11 pm. Its n o n l i n e a r  c o e f f i c i e n t s  a r e  somewhat 
h i g h e r  t han  t h e s e  of AgGeS2 as w e l l .  Both c r y s t a l s  can be grown t o  
a p p r o x i m a t e l y  t h e  same l e v e l  of o p t i c a l  q u a l i t y .  Pu re  AgGaSe2 canno t  
be phase  matched f o r  any wavelengths  below 2.1 p, however,  and f o r  
t h a t  r eason  would n o t  be a cand ida te  f o r  t h i s  program where pumping 
w i t h  1.06 pm is d e s i r e d .  However, s o l i d  s o l u t i o n s  of (AgGas2)1,~- 
(AgCaSe2), where x i s  n o t  t o o  l a r g e  would be expec ted  t o  phase 
match.  Such a compos i t ion  would a l s o  be expec ted  t o  have a somewhat 
h i g h e r  index  of r e f r a c t i o n  than  pure AgGaS2 and c o n s e q u e n t l y  shou ld  
form a t h i n  f i l m  o p t i c a l  waveguide. A long  range g o a l  would t h e r e f o r e  
be t h e  f a b r i c a t i o n  of  a t h i n  film waveguiding s t r u c t u r e  l i k e  t h a t  
shown i n  f i g .  13 where a t h i n  l aye r  of mixed composi t ion  has  been 
formed on a pure AgGaS2 s u b s t r a t e .  Such a s t r u c t u r e  could  be depos- 
i t e d  by t h e  LPE t echno logy  of S a s h i t a l  ( 6 )  or  by d i f f u s i o n .  The 
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approach  t aken  h e r e  w a s  t o  under take  t h e  s t u d y  of d i f f u s i o n  between 
AgGaS2 and AgGaSe2, beg inn ing  w i t h  r e a c t i o n s  o c c u r r i n g  o n l y  th rough  
t h e  vapor  phase.  Vapor phase i n t e r a c t i o n  would h o p e f u l l y  l i m i t  
s u r f a c e  damage t o  v e r y  t h i n  l a y e r s  o r  p reven t  i t  comple t e ly .  
To comple te  a s t u d y  such  a s  t h i s  would r e q u i r e  a s u b s t a n t i a l  
amount of g r a d u a t e  suppor t  and several y e a r s  d u r a t i o n ,  f a r  i n  excess 
o f  t h e  l i m i t e d  r e s o u r c e s  and t h e  b r i e f  amount of  t i m e  i n v e s t e d  he re .  
However, t h i s  program has  a l lowed us t o  g e t  s t a r t e d .  (Subsequent  t o  
i t s  t e r m i n a t i o n ,  follow-on funding t o  s u p p o r t  phase  e q u i l i b r i u m  and 
r e l a t e d  s t u d i e s  i n  AgGaS2 and AgGaSe2 w a s  r e c e i v e d  from t h e  O f f i c e  o f  
Naval  Research.  T h i s  work w i l l  t h e r e f o r e  c o n t i n u e  under  t h e i r  
a u s p i c e s  .I 
Expe r imen ta l  P r o c e d u r e s  
The f i r s t  o b j e c t i v e  was  simply t o  f i n d  a set of e x p e r i m e n t a l  
c o n d i t i o n s  where a vapor  phase d i f f u s i o n  coup le  could be e s t a b l i s h e d  
between AgGaS2 and AgGaSe2. Random 5 - 10 g o p t i c a l l y  c lear  and 
p o l i s h e d  s e c t i o n s  bo th  AgGaS2 and AgGaSe2 were s e a l e d  i n  evacua ted  
f u s e d  q u a r t z  ampoules wi th  care taken t h a t  t h e y  no t  touch.  Ampoules 
w e r e  then  s u b j e c t e d  t o  e l e v a t e d  t empera tu res  i n  a n e a r - i s o t h e r m a l  
f u r n a c e  f o r  f i x e d  amounts of t i m e ,  t y p i c a l l y  o v e r n i g h t  bu t  v a r y i n g  
from 4 h o u r s  t o  two days.  The annea l ing  t empera tu re  w a s  i n i t i a l l y  
chosen  t o  be 300'. A f t e r  t h e  hea t  t r e a t m e n t  c y c l e ,  t h e  AgGaS2 w a s  
m i c r o s c o p i c a l l y  examined i n - s i t u  for  s i g n s  of s u r f a c e  chemica l  reac-  
t i o n .  A f t e r  examina t ion ,  t h e  annea l ing  t empera tu re  w a s  i n c r e a s e d  50°C 
and t h e  p rocess  was r e p e a t e d .  The p rocedure  w a s  c a r r i e d  o u t  up t o  
750°C which i s  100" below t h e  poin t  where a p o s s i b l e  two phase ,  l i q u i d  
p l u s  s o l i d  r e g i o n  might be expected t o  occur  on t h e  s u r f a c e  of one o r  
b o t h  c r y s t a l s .  
The &Gas2 c r y s t a l s  were a f t e rward  removed from t h e  q u a r t z  reac-  
t i o n  ampoules ,  p o l i s h e d  on t h e  s ides  so t h a t  t h e  r e a c t i o n  s u r f a c e s  
c o u l d  be i n s p e c t e d  i n  p r o f i l e ,  and s t u d i e d  by o p t i c a l  microscopy.  
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R e s u l t s  
No r e a c t i o n  was observed u n t i l  an a n n e a l i n g  t e m p e r a t u r e  of 600" C 
w a s  r e a c h e d ,  a t  which t i m e  patchy and s l i g h t l y  r e d d i s h  areas were 
obse rved  on t h e  s u r f a c e  of t h e  AgGaS2 c r y s t a l s .  The AgGaSe2 c r y s t a l s  
remained s h i n y  b u t  developed l o c a l i z e d  vapor  e t c h  p i t s .  A t  a r e a c t i o n  
t e m p e r a t u r e  of 750" C ,  o v e r a l l  s u r f a c e  roughness  and a pronounced 
r e d d i s h  s u r f a c e  w a s  observed on t h e  AgGaS2. S u r f a c e  r e a c t i o n  w a s  
o b v i o u s l y  o c c u r r i n g  p robab ly  through t h e  r e a c t i o n  of selenium vapor  o r  
Ga2Se3 w i t h  t h e  AgGaS2 c r y s t a l .  
P o l i s h i n g  and i n s p e c t i n g  the AgGaS2 c r y s t a l s  normal t o  t h e  reac- 
t i o n  s u r f a c e  d i d  n o t  r e v e a l  a n o t i c e a b l e  g r a d e  i n  c o l o r  which would 
i n d i c a t e  a change i n  t h e  band edge, a l t h o u g h  rounding of t h e  edges  d u e  
t o  p o l i s h i n g  might have obscur red  t h e  e f f e c t  i f  i t  had o c c u r r e d  t o  
o n l y  a v e r y  s h a l l o w  d e p t h .  
D i s c u s s i o n  
A t  t h i s  t i m e ,  o n l y  v e r y  t e n t a t i v e  c o n c l u s i o n s  can be drawn. A 
c o a t i n g  on the  s u r f a c e  of pu re  AgGaS2 has  been obse rved .  T h i s  w i l l  
have t o  be s t u d i e d  i n  more d e t a i l  by o p t i c a l  inethods t o  d e t e r m i n e  i f  
i t  is  a s o l i d  s o l u t i o n  between AgGaS2 and AgGaSe2, o r  a d e p o s i t e d  
l a y e r  of s e l en ium o r  Ga2Se. (Both p o s s i b i l i t i e s  could accoun t  f o r  t h e  
r e s u l t s  found so f a r  and d i s p e r s i v e  a n a l y s i s  o r  e l e c t r o n  beam micro- 
p robe  a n a l y s i s  can n o t  be used to  d i s t i n g u i s h . )  F u r t h e r  e v a l u a t i o n  o f  
t h e s e  samples  is  planned us ing  an e v a p o r a t e d  gold f i l m  fo l lowed  by 
mechan ica l  a n g l e  l a p p i n g  t o  determine i f  any c o m p o s i t i o n a l l y  g raded  
material  w a s  i n  f a c t  produced. 
V. OVERALL CONCLUSIONS AND RECOMMENDATIONS 
A t  t h e  c o n c l u s i o n  of t h i s  program, one can s a y  t h a t  c e r t a i n  
a s p e c t s  were s u c c e s s f u l ,  but  the n a j o r  g o a l  of growing hgGaS2 s i n g l e  
c r y s t a l  f i b e r s  was not  ach ieved .  The p a r t i a l l y  suppor t ed  work done t o  
e l l u c i d a t e  t h e  o p t i c a l  d e f e c t s  and t he  e f f ec t s  of pos t  growth h e a t  
t r e a t m e n t  on the  o p t i c a l  p r o p e r t i e s  of AgGaS2 (Appendix I) has  been a 
major advance i n  making t h i s  m a t e r i a l  an impor t an t  n o n l i n e a r  o p t i c a l  
material. The e x p l o r a t o r y  a t t e m p t s  t o  grow t h i s  c r y s t a l  i n  t h e  form of 
o r i e n t e d  s u b m i l l i m e t e r  o p t i c a l  q u a l i t y  rods  have convinced us  t h a t  
t h i s  i s  n o t  a f r u i t f u l  d i r e c t i o n  f o r  f u t u r e  r e s e a r c h  e f f o r t s .  R a t h e r ,  
t h e  p l a n a r  waveguide c o n f i g u r a t i o n  may be a more u s e f u l  s t r u c t u r e  t o  
p u r s u e ,  s i n c e  i t  w i l l  a l l o w  an e x t r a  deg ree  of freedom f o r  a n g l e  
tun ing .  A p a r t i a l  s u c c e s s  would be t h e  d e m o n s t r a t i o n  of t h i n  f i l m s  of 
mixed AgGaS2-,Se2, c r y s t a l s ,  once t h i s  has  been confirmed by 
o p t i c a l  and microchemical  s t u d i e s ,  That  being t h e  case, an impor t an t  
beg inn ing  toward I R  o p t i c a l  waveguiding i n  n o n l i n e a r  media w i l l  have 
been made. 
For  f u t u r e  r e s e a r c h ,  a s e r i o u s  e f f o r t  t o  s t u d y  i n t e r d i f f u s i o n  i n  
AgGaS2 and AgGaSe2 would seem j u s t i f i e d .  Both s u r f a c e  r e a c t i o n  
through t h e  vapor  phase ,  and s o l i d - s t a t e  d i f f u s i o n  through conven- 
t i o n a l  mechanica l  coup les  would be a p p r o p r i a t e  i n  t h e  i n i t i a l  s t a g e s  
of s t u d y .  
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Abstract. Improvements in crystal growth technology have made it 
possible to grow crack- and twin-free boules of AgGaS, and AgGaSe, in 
comparatively large dimensions, AgGaS, to 28 m m  diameter by 100 m m  
length and AgGaSe, to 37 mm diameter by 100 m m  length. Although t h e  
crystals grow with optical defects (micrometer-size scattering centers), 
postgrowth heat treatment procedures have been used to successfully 
eliminate the defects and produce material of near-theoretical trans- 
parency. High optical quality, oriented single crystals of AgGaS, 1 c m  in 
cross section and more t h a n  2 cm in length and of AgGaSe 1 c m  in cross 
section and more than 3.5 c m  in length have been produced and are 
leading to new advances in IR frequency generation. The optical and 
phase equilibrium studies as well as details of t h e  crystal growth tech- 
nology that led to t h i s  advance in materials technology are described. 
Subject terms: optical materials; nonlinear optics; infrared frequency generation; 
silver thiogallate (AgGaS,); silver selenogallate (AgGaSe,). 
Optical Engineering 26/21. 1 13- 1 19 (February 1987). 
1. INTRODUCTION 
Silver thiogallate (AgGaS,) and silver selenogallate (AgGaSe,) 
are among the I-111-IV, compounds that crystallize in the 
chalcopyrite structure. It was shown more than 10 years ago 
that these two materials have unique nonlinear infrared op- 
tical propert ie~. ' -~ Both are highly nonlinear, and both can 
be phase matched through relatively large portions of their 
transparency ranges. AgGaS, is transparent from 0.45 to 13 
pm and can be phase matched for second-harmonic genera- 
tion (SHG) for fundamental wavelengths between 1.8 and 
11 pm. Three-wave mixing processes extend this range 
somewhat. AgGaSe, is transparent from 0.73 to 17 pm and 
can be phase matched for SHG for fundamental wave- 
lengths from 3.1 to 13 pm. Three-wave mixing processes are 
possible in this material for wavelengths as short as 1.2 pm. 
Invited Paper OM-108 received Oct. 1 ,  1986; accepted for publication Dec. 
8, 1986; received by Managing Editor Dec. 12, 1986. This paper is a revi- 
sion of Paper 567-02, which was presented at  the SPIE conference on  Ad- 
vances in Materials for Active Optics, Aug. 22-23, 1985, San Diego, Calif. 
The paper presented there appears (unrefereed) in SPIE Proceedings Vol. 
567. 
01987 Society of Photo-Optical Instrumentation Engineers. 
Free-carrier absorption is negligible since both materials are 
semi-insulating. Although reports of their use in nonlinear 
optical applications have appeared in the literature 
throughout the past 15 y e a ~ s , ~ - I ~  their full potential has 
never been realized due to challenging problems in crystal 
growth and control of optical quality. 
2. BACKGROUND 
The compounds AgGaS, and AgGaSe, are reactive and 
somewhat volatile at their melting points (MPs) of 996°C 
and 856"C, respectively. Hence, both must be grown in 
sealed quartz growth ampoules. Their chalcopyrite struc- 
ture, space group 32m, is based upon the zinc blende struc- 
ture of the 111-V group but has lower symmetry due to alter- 
nate ordering in the cation sublattice. The unit cell is 
tetragonal, as shown in Fig. 1, and mechanical and optical 
properties are different in directions parallel to and normal 
to the optic axis, or c-axis. 
Initial crystal growth experiments on these two materials 
revealed a number of problem areas, including (1) crystal 
and ampoule cracking, (2) bands of inclusions, (3) composi- 
tional grading, (4) twins, and ( 5 )  poor optical quality.14-18 
The crystals had a milky appearance due to  a high density of 
micrometer-size scattering centers.5.14-16.ls-21 
One of the most important discoveries leading to the suc- 
cessful growth of these materials was that by Korczak and 
Staff,'* who found that AgGaS, has anomalous thermal ex- 
pansion behavior and actually expands along the c-axis as it 
cools. IselerI3 later showed that this was true for AgGaSe, as 
well. These expansion curves are plotted in Fig. 2. The sec- 
ond important advance was in developing a heat-treatment 
procedure that was effective in eliminating the scattering 
centers in as-grown crystals. This was first shown by 
Matthes et a1.I9 for AgGaS, and by Route et aLZ2 for 
AgGaSe,. The current highly successful crystal growth 
technology is based on the early work in these two areas. 
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3. CRYSTAL GROWTH TECHNOLOGY 
3.1. Materials synthesis 
Both AgGaS, and AgGaSe, melt congruently, and some 
details of the phase equilibria in both systems along the 
pseudobinary Ag,S-Ga,S, and Ag,Se-Ga,Se, joins are 
known.23~~~ The compounds are typically made by reaction 
of high-purity, 99.999% or better, starting materials in 
elemental form in a separate procedure. In our work we 
have studied compositions close to  stoichiometric. Chemical 
reaction is carried out in evacuated and sealed fused-quartz 
ampoules that are internally coated with carbon by pyrolysis 
of an organic vapor. Because the vapor pressure over 
elemental sulfur exceeds the rupture strength of fused- 
quartz ampoules at  well below reaction temperature, a two- 
temperature vapor transport procedure is used to react 
AgGaS,, as show in Fig. 3 .  Elemental Se has much lower 
vapor pressures, so chemical reaction by direct fusion can be 
used for  AgGaSe,. I n  both cases, we harvest  a 
polycrystalline charge that is highly cracked and shows 
evidence of compositional variations (this is now known to 
be unavoidable). The material is then finely broken to  
achieve some degree of homogenization before it is used as a 
charge for crystal growth. 
3.2. Crystal growth by the Bridgman method 
We have grown crystals by the standard Bridgman- 
Stockbarger method in a 2% in. internal diameter (ID) 
resistance-wound tubular two-zone furnace. Temperature 
gradients at the growth interface were nominally 18 "C/cm, 
measured in the open bore. With the growth ampoule pres- 
ent, this was reduced somewhat to 14 "C/cm. 
There are two essential features to the successful growth 
of AgGaS, and AgGaSe, in sealed quartz ampoules. First, 
since the crystals are known to expand along their optic 
[Ool] axis during cooling, they must be seeded so that the 
c-axis is close to  the axis of the growth ampoule. (Crystals 
that nucleate spontaneously typically end up with the c-axis 
tipped far enough over from the ampoule axis that a net 
transverse expansion occurs during cooling, with disastrous 
results.) Second, since c-axis boules expand along their 
length during cooling, the ampoules must be designed so 
that mechanical restrictions along their lengths cannot oc- 
cur. We have solved this problem by designing our fused- 
M.P AgGaS2 J IOOO'C 
Ps ( I O O O " C 1  > 20  a l m  Tz = 1050°C 
T, = 5 0 0 T  
Ps= 2 atm 
I ZONE FURNACE 
Fig. 3. Vapor transport method for the synthesis of 
AgGaS,, which prevents rupture of the quartz ampoule. 
When reaction is complete, the entire ampoule is raised to 
105OOC and agitated to achieve homogenization. 
Fig. 4. Precision tapered graphite mandrel and vacuum-formed 
fused-quartz growth ampoule. 
quartz growth ampoules with a continuous 1 % O taper in 
both the seed pocket and the main body. 
The flare-out region is usually designed with a 20" inter- 
nal half-angle. Commercial fused-quartz tubing cannot be 
selected and worked so as to  introduce the appropriate taper 
while maintaining a perfectly round internal cross section. 
To  produce growth ampoules with the desired interior 
dimensions we have developed a vacuum-forming method 
by which slightly oversized fused-quartz tubing can be col- 
lapsed upon a precision-machined graphite mandrel. 
Replication of the mandrel surface is exact, and the internal 
finish is smooth except where machining imperfections on 
the mandrel surface have occurred. The growth ampoules 
used in this work were 28 mm ID with a 6 mm diameter by 
15 mm long seed pocket and 37 mm ID with an 8 mm 
diameter by 25 mm long seed pocket. A carbon mandrel and 
a vacuum-formed ampoule are shown in Fig. 4. Prior to  use, 
the growth ampoules were internally coated with carbon by 
pyrolysis of an organic vapor. 
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Fig. 6. 28 mm twin- and crack-free boules of AgGaSe, (top) and 
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Fig. 5. Bridgman furnace configuration showing thermocouple 
monitor by which meltback and seed attachment are controlled. 
Accurately oriented c-axis seeds were hand-fitted to  the 
growth ampoules by a taper grinding method. A few mils' 
clearance was allowed for transverse thermal expansion dur- 
ing heat-up. Boules were designed to be 10 to 12 cm in 
length, which required crushed polycrystalline charges of up 
to  520 g for the 37 mm diameter boules. Prior to sealing, the 
charged growth ampoules were evacuated to pressures less 
than Torr and were then back-filled with 0.5 at- 
mosphere of argon gas purified by passing it through a 
titanium sponge reactor at  750 "C. Seed attachment was con- 
trolled by monitoring a platinum-rhodium thermocouple 
held against the side of the seed pocket by spring tension. 
The furnace configuration is shown in Fig. 5 .  Seeding 
temperatures, determined empirically, were found to be 
quite close to  the congruent melting points. Crystal growth 
was then carried out at  approximately 15 mm/day. When 
solidification was complete, the crystals were cooled in the 
shallow-gradient, lower zone of the furnace at a rate of 
50 "C/h. 
Properly seeded boules were found to  be loose in their 
ampoules after growth. Occasionally, secondary nucleation 
on the surfaces was observed. This is thought to be related 
to failure of the carbon coating. Polycrystalline boules were 
always seriously cracked due to  thermal expansion 
anisotropy. Minor surface spalling was also occasionally 
found around localized surface imperfections. In most 
cases, however, boules remained single and were of excellent 
structural quality. Refinement of our technique allowed us 
to grow crystals with very few surface voids. Twins, present 
in almost all early work, did not occur as long as mechanical 
interaction with the growth ampoules was carefully 
prevented. Boules of AgGaS, and AgGaSe, free of struc- 
tural imperfections are shown in Fig. 6 .  In both cases, com- 
positional variations were observed independent of the 
charge composition. A thin band of black material always 
found on the top of AgGaS, boules was determined by 
dispersive analysis to be Ag and S rich and was assumed to 
1 be Ag,GaS,. When charges were made with k 1% excess 1 Ag,S around the stoichiometric composition, Ag and S rich 
Fig. 7. As-grown thin section of AgGaS, (left) showing milky ap- 
pearance compared to clear crystal (right). 
material was always rejected from the melts. Similar 
behavior was found for AgGaSe,. 
4. OPTICAL PROPERTIES 
Although structurally perfect, the as-grown crystals of both 
AgGaS, and AgGaSe, were always found to  have a milky 
appearance. This can readily be seen in the case of AgGaS,, 
Fig. 7, which is transparent at visible wavelengths. It can 
also be seen in AgGaSe, in thin section or with a commercial 
infrared image converter. 
4.1. Microscopic scattering centers 
Microscopic examination of AgGaS, in transmitted light 
reveals micrometer-wide linear defects, approximately 
100 pm long, oriented along the [lo01 and [OlO] directions 
(Fig. 8) .  Korczak and Staff1* referred to  them as 
microcracks, which is exactly how they appear. More exten- 
sive metallographic preparation and optical microscopic 
evaluation were carried out in our laboratory, primarily on 
AgGaS,. The defects were found to consist of precipitates 
surrounded by localized strain f i e l d ~ ~ ~ J ~ [ F i g .  9(a)]  Careful 
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Fig. 8. AgGaS2viewed along c-axis reveals microscopic scattering 
defects aligned along the [loo] and [OlO] directions. Their lengths 
range from 10 to 100 prn, and they have the appearance of 
microcracks. 
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Fig. 10. (a) Pseudobinary Ag2S-Ga2S3 phase diagram of Brandt and 
Kramer.23 (b) Proposed phase equilibria suggesting a 2 mole o/o 
wide existence region lying entirely on the Ga,S3-rich side of 
stoichiometry. 
( b) 
Fig. 9. (a) Microscopic scattering defects and associated strain 
fields viewed in thin section tilted off the basal plane. A blade-like 
shape at the core is suggested. (b) Scattering defects are shown to 
be platelets with a rod-like fine structure lying in the (100) and (010) 
planes, as revealed by careful polishing and ion-beam milling. 
etching and ion-beam milling studies showed that the 
precipitates are actually 100 pm rectangular platelets lying 
on the (100) and (010) planes [Fig. 9(b)]. The defects are 
slightly richer than the matrix in both Ga and S. A cor- 
responding situation is true for the case of AgGaSe,. 
4.2. Phase equilibrium studies 
The precipitates and their surrounding strain fields can be 
removed f rom AgGaS, either by quenching f rom 
temperatures above 750 "C or by heat treatment at 900 "C in 
the presence of Ag2S.'9,22 To account for these effects, one 
must understand the thermodynamic phase equilibria along 
the Ag,S-Ga,S, pseudobinary join. Differential thermal 
analysis (DTA) studies on compositions along this join in 
the vicinity of the stoichiometric composition have been 
carried out here and e1sewhe1-e~~ to ellucidate the detailed 
nature of the phase equilibria. The DTA technique is quite 
sensitive. A problem occurs, however, in preparing test 
samples of precisely determined composition. In-situ syn- 
thesis is very difficult because of excessive pressures over 
any unreacted sulfur, and working from the binary end 
members is not reliable because Ga,S, exists over a range of 
compositions. 
The maximum melting composition was shown by Brandt 
and Kramer23 to lie approximately 1 mole 070 to the Ga,S,- 
rich side of stoichiometry [Fig. 10(a)] in their study of the 
complete pseudobinary system. The resolution of our 
studies was not adequate to reveal additional features near 
the stoichiometric composition. An existence region of finite 
width could be inferred from our earlier quenching studies, 
however, since the compound obviously lies in a single- 
phase region at  temperatures above 750 "C. We therefore 
conclude that the original phase diagram of Brandt and 
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Fig. 11. AgGaS, crystals grown from solutions rich in Ag2S. (a) 
AgGaS, free of scattering defects was obtained from a solution of 
composition 65 mole o/o Ag2S and 35 mole o/o Ga2S3. (b) 60 mole o/o 
Ag,S; (c) 50 mole '10 Ag2S. 
Krsmer should be modified to  include an existence region of 
approximately 2 mole 'To width lying entirely on the Ga,S, 
side of stoichiometry [Fig. 10(b)]. All crystals grown from 
near-stoichiometric melts will therefore contain excess 
Ga,S,, which precipitates during cooling as an intermediate 
phase (presumably Ag,Ga,,S,,) due to retrograde solubility. 
This model is consistent with our electron microprobe 
studies of precipitates in AgGaS, as well as with the tenden- 
cy of all AgGaS, boules to reject Ag and S as they grow 
from stoichiometric melts. 
The above model suggests that optically clear material, 
free of precipitates, might be grown from Ag,S-rich solu- 
tions in which the liquidus temperature is below the point at 
which the existence region departs from stoichiometry. A 
series of growth experiments was carried out from Ag,S-rich 
solutions, as shown in Fig. 11, to demonstrate this effect. 
For solutions of greater than 65 mole 'To Ag,S, in which the 
liquidus temperature is in the neighborhood of 960°C, op- 
tically clear crystals were obtained. The method is totally 
impracticable for the controlled growth of large high quality 
crystals, however, due to  the obvious difficulties in seeding 
and the need to reject large amounts of material from the 
growing crystal interface. The growth of high quality but 
cloudy crystals from congruent melts followed by a heat- 
treatment procedure turns out to be a far more effective 
approach. 
A totally analogous situation exists for the case of 
AgGaSe,, and in fact some evidence of a finite width ex- 
istence region was found by M i k k e l ~ e n ~ ~  in his phase 
equilibrium studies in the Ag,Se-Ga,Se, system. 
4.3. Heat treatment procedures 
For AgGaS,, oriented slabs were first cut from as-grown 
boules. These were then heat treated in a sealed quartz am- 
poule for 10 to 15 days at  900 "C, according to the procedure 
shown in Fig. 12, using approximately 0.5 wt. 70 excess 
Ag,S. During this period, Ga,S, or (2Ga + 3/2S,) apparent- 
ly volatilizes from the surfaces of the crystals and reacts with 
the excess Ag,S to  form AgGaS, + liquid (L). Ag and S dif- 
fusion causes the bulk crystal to homogenize to a composi- 
tion on the left-hand boundary of the existence region, very 
near to stoichiometry, where precipitation due to retrograde 
solubility does not occur. Optically clear material results, as 
shown in Fig. 13. A similar process was used for AgGaSe,. 
\ Ga2S3 
(4 I b) 
Fig. 12. Postgrowth heat-treatment method (900OC) used to 
eliminate optical scattering defects from AgGaS, crystals. (a) 
Before; (b) after. 
w I c m  
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H E A T  T R E A T M E W T  
Fig. 13. Comparison of as-grown vs heat-treated AgGaS, in 11 mm 
thick sections. 
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Fig. 14. Spectral absorption of AgGaSe, (a) as grown, (b) quenched 
from 900°C, (c) heat treated with Ag,S, and (d) heat treated with 
Ag,S and then with S. 
On occasion, defects were found that could not be re- 
moved by repeated heat treatment. These sometimes ap- 
peared as negative crystals (internally faceted voids), 
thought to be caused by the incorporation of additional 
phases or by the condensation of larger Ag,Ga,,S3, 
precipitates. Their presence, however, does not significantly 
affect optical transparency. Figure 14 shows transmission 
measurements made on as-grown, quenched, and heat- 
treated AgGaS, crystals. Careful heat treatment resulted in 
near-theoretical transparency throughout the entire 
transparency range. 
AgGaS, is useful for nonlinear frequency generation in 
the 0.5 t o  10 pm wavelength range. An intrinsic 
multiphonon absorption of 0.6 cm - I near 10 pm,27 however, 
limits its use for second-harmonic generation of the 10.6 pm 
line from the CO, laser. The reststrahlen bands in AgGaSe, 
are located at much longer wavelengths, and this material is 
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Fig. 15. Spectral absorption of AgGaSe, (a) as grown, (b) quenched 
from 650°C, and (c) heat treated with Ag2Se. 
well suited for the application. It, too, was produced as a 
near-theoretically transparent crystal by an analogous heat- 
treatment procedure (Fig. 15). 
5. OPTICAL CRYSTALS 
Using the crystal growth and postgrowth heat-treatment 
procedures described, we have successfully produced near- 
theoretically transparent, oriented crystals approximately 1 
cm in cross section. The lengths vary slightly depending on 
the propagation direction, which is determined by the phase- 
matching conditions. For most experiments it was possible 
to fabricate AgGaS, crystals in excess of 22 mm long from 
28 mm diameter boules (Fig. 16) and AgGaSe, crystals in ex- 
cess of 35 mm long from 37 mm diameter boules. Most 
crystals are oriented with the propagation direction between 
45 O and 90 O to the boule axis. Because of the anomalous 
thermal expansion problem, for all useful phase-matching 
conditions we are prevented from growing the crystals suffi- 
ciently close to the propagation direction to harvest substan- 
tially longer crystals. To obtain longer interaction lengths, 
crystals of larger diameter must be grown. 
6. RECENT NONLINEAR OPTICAL RESULTS 
With the high optical quality, twin-free crystals of both 
AgGaS, and AgGaSe, described, significant advances in 
nonlinear IR optical technology have been made. Principal 
among these are the demonstration of optical parametric 
oscillation in AgGaS;J* and in AgGaSe29 and efficient 
second-harmonic conversion of the carbon dioxide laser.30 
Details of these experiments are included in Table 1. 
The limitation of both materials is their relatively 
moderate threshold for surface damage, which is in the 10 to 
15 MW/cm2 range. Preliminary experimentation with 
various antireflection surface coatings indicated that these 
values may be raised by a factor of 2 or more, and conse- 
quently, higher conversion efficiencies should be possible. 
The alternative approach is, of course, to grow larger boules 
from which longer (and hence more efficient) crystals can be 
obtained. 
Fig. 16. Fabricated crystals of AgGaS,. 
TABLE I. Results of experiments on ApGaS, and AgGaSe,. 
Parametric oscillation 
in AgGaS, 
Difference-frequency 
generation in 
AgGaS, 
Second-harmonic 
generation in 
AgGaSe, 
Parametric oscillation 
in AgGaSe, 
Damage 
References 
~~ 
pump wavelength: 1.06 pm, 
20 ps mode-locked 
output wavelength: 1.2-10 pm 
quantum conversion 
efficiency: 0.1 -10 % 
pump wavelength: 1.06 pm 
output wavelength: 
threshold: 1.2 mJ 
peak energy conversion: 16% 
input wavelength: 1.06 pm, 
output wavelength: 5-11 pm 
input wavelength: 1.06 pm, 
output wavelength: 3.3-11 pm 
pump wavelength: 10.25 pm 
output wavelength: 5.13 pm 
energy conversion efficiency: 
1.4-4.0 pm 
tunable dye 
tunable dye 
1 4 % 
pump wavelength: 2.05 pm 
output wavelengths: 2.65- 
9.02 pm 
energy conversion efficiency: 
18% near degeneracy at 
4.1 pm 
Surface damage thresholds 
have been measured at a 
number of wavelengths. 
For 20-50 ns pulses they 
are typically 13 MWlcm2. 
7 
.. 
28 
12 
31 
30 
29 
28,29,30 
Bulk damage thresholds are 
at least one order of 
magnitude higher. 
7. CONCLUSIONS 
The practical problems associated with the growth of high 
optical quality, twin-free crystals of both AgGaS, and 
AgGaSe, have been resolved. Near-theoretically transparent 
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crystals 1 cm in cross section and in lengths exceeding 22 mm 
and 35 mm, respectively, have been produced. With these, 
useful and practical solid-state nonlinear infrared optical 
devices have been realized. 
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APPENDIX I1 
The most ve r sa t i l e  of t h e  m e l t  
growth t e c h n i q u e s  used f o r  f i b e r  
growth is t h e  f l o a t - z o n e  method. 
When t h e  f i b e r  d i a m e t e r  i s  s m a l l e r  
t h a n  t h e  s o u r c e  rod diameter f r o n  
which i t  grows, as shown i n  f i g .  1 ,  
i t  i s  a l s o  known as p e d e s t a l  growth. 
Of a l l  t h e  methods used for m e l t  
growth,  i t  a l o n e  does n o t  r e q u i r e  
c r u c i b l e s  f o r  f u r n a c e  components 
which can l e a d  t o  contaminat ion  and 
confinement  stress problems. In 
a d d i t i o n ,  c r y s t a l s  of c o n g r u e n t l y  and 
i n c o n g r u e n t l y  m e l t i n g  c r y s t a l s  can be 
grown, and t h e  composi t ion  of t h e  
c r y s t a l  can be c o n t r o l l e d  by cont ro l -  
l i n g  t h e  composi t ion  of t h e  s t a r t i n g  
material. With t h e  s m a l l  c r y s t a l  
s i z e  and focussed  h e a t  s o u r c e ,  s t e e p  
t e m p e r a t u r e  g r a d i e n t s ,  and hence 
r a p i d  growth rates t y p i c a l l y  on the 
o r d e r  of mm/min, can be achieved.  
T h e r e  are s e v e r a l  t y p e s  of h e a t  
s o u r c e s  which can be used t o  produce 
mol ten  zones s u i t a b l e  f o r  use w i t h  
t h e  p e d e s t a l  growth method. For  
f i b e r  growth they  must be a b l e  t o  
produce zones having dimensions 
comparable t o  t h a t  of t h e  f i b e r  and 
s o u r c e  rod d i a m e t e r s .  R e s i s t a n c e ,  
ORIGINAL PAGE SS 
OF BOOR QUALITY 
-oriented seed- 
-source material- 
a 
Fig. 1.  (a) Schematic diagram of pedestal growth and ( b )  
photograph of an actual LiNbO, fiber growing by the LHPG 
method. The larger diameter ground source rod is at the 
bottom. A growth ridge is clearly visible on the fiber. 
i n d u c t i o n ,  e l e c t r o n  bean,  focused lamp, and laser h e a t i n g  a r e  a l l  poss i -  
b l e .  It i s  d i f f i c u l t ,  however, t o  produce s m a l l  zones with steep induc- 
t i o n  h e a t i n g  requi res  e i t h e r  a conduct ing sample o r  a s u s c e p t o r  and vacuum 
chamber. 
L a s e r  h e a t i n g  i s  an i d e a l  hea t  s o u r c e  because  i t  can be t i g h t l y  focus-  
s ed  d i r e c t l y  o n t o  t h e  sample w i t h  a beam s i z e  comparable w i t h  f i b e r  dimen- 
s i o n s  (which may v a r y  from a f e w  microns t o  s e v e r a l  mm) ,  can be used in 
ambien t ,  i n e r t ,  r e a c t i v e  o r  vacuum a tmospheres  and is a v a i l a b l e  i n  power 
l e v e l s  which can r e a d i l y  melt any known material whose d imens ions  are of 
t h e  o r d e r  of t h e  beam s i z e .  Growth can be ach ieved  by e i t h e r  moving t h e  
l aser  beam o r  t h e  s o u r c e  rod and f i b e r .  
Because t h e  o p t i c a l  t r a i n  i s  cumbersome, i t  i s  much easier t o  move 
t h e  s o u r c e  rod and seed.  I n  o u r  growth a p p a r a t u s ,  a p r e c i s i o n  ground dove- 
t a i l  combined w i t h  two l e a d s c r e w  d r i v e s  a c h i e v e s  independen t ,  l i n e a r  motion 
of t h e  s o u r c e  rod and seed .  
To i n i t i a t e  growth,  t h e  t o p  of t h e  s o u r c e  rod is f i r s t  h e a t e d  u n t i l  a 
small  mol t en  b u t t o n  i s  formed. Then t h e  o r i e n t e d  seed i s  d ipped  i n t o  t h e  
m e l t  and a s t a b l e  mol t en  zone forms as shown i n  f i g .  1. Growth commences 
as t h e  seed  i s  s l o w l y  withdrawn from t h e  m e l t  and compensat ing s o u r c e  
material  f e d  i n  from t h e  bottom. Depending upon t h e  r e l a t i v e  f e e d  and 
REFL 
MIRROR 
GROWTH 
CHAMBER 
OUTER CONE 
INNER CONE 
AXICON I 
A-A 8 - 8  c-c 
DIFFERENT CROSS.SECTION VIEWS 
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Fig. 2. Schematic diagram of a circularly symmetric laser 
optical system useful for fiber growth. including (a) 
optics for circular heating, ( b )  He-Ne laser for alignment. (c)  
CO, laser for melting the bource rod, and (d)  diffcrent cross- 
sectional views of laser beams. 
p u l l  r a t e s ,  c o n s e r v a t i o n  of  mass 
w i l l  d e t e r m i n e  t h e  r a t i o  of f i b e r  
d i a m e t e r  t o  s o u r c e  rod d i a m e t e r .  
For  most mater ia ls ,  t h e  most s t a b l e  
growth i s  ach ieved  w i t h  the growing 
f i b e r  b e i n g  1 /2  t o  1 / 3  t h e  s o u r c e  
rod d i a m e t e r .  
Laser power and f i b e r  and s o u r c e  
d i a m e t e r s  d e t e r m i n e  t h e  h e i g h t  of 
t h e  mol t en  zone. Again,  f o r  most 
materials t h e  most s t a b l e  growth i s  
ach ieved  when t h e  h e i g h t  of  t h e  
molten zone i s  a p p r o x i m a t e l y  7 3 
t h e  a v e r a g e  of t h e  s o u r c e  and f i b e r  
d i a m e t e r .  O r i g i n a l l y  m u l t i p l e  bean 
laser s y s t e n s  were u s e d ,  b u t  a new 
o p t i c a l  system now h a s  been deve l -  
oped which produces a much more u n i f o r m , r i n g  shaped beam, as i l l u s t r a t e d  i n  
f i g .  2 ,  e l i m i n a t i n g  hot s p o t s  i n  t h e  mo l t en  zone caused by t h e  m u l t i p l e  
beam approach .  
Any d e v i a t i o n  from a smooth, uniform c y l i n d r i c a l  f i b e r  geometry can 
l e a d  t o  s i g n i f i c a n t  o p t i c a l  l o s s e s  i n  f i b e r  d e v i c e s .  L i t t l e  can be  done 
t o  e l i m i n a t e  growth a n i s o t r o p y  induced f a c e t t i n g  such  as t h a t  found f o r  
c-axis Nd:YAG and a-axis LiNb03 crystals as shown i n  f i g .  3.  T h i s  problem 
Fig. 3. Cross-sectional facets found in fibers of (a)  c-axis Nd : YAG and (b) o-axis LiNbO,. 
is less i m p o r t a n t ,  however, t han  d iameter  v a r i a t i o n s  a r i s i n g  from poor 
t empera tu re  and zone s t a b i l i t y  such as t h a t  shown i n  f i g .  4a. 
and s h o r t  term d i a m e t e r  f l u c t u a t i o n s  have been encoun te red  d u r i n g  f i b e r  
growth ,  some of which can be  e l imina ted  by c a r e f u l  c o n t r o l  of tenperature,  
t h e  r e d u c t i o n  r a t i o ,  t h e  p u s h / p u l l  ra tes ,  t h e  d i a m e t e r  u n i f o r m i t y  of t h e  
s o u r c e  rod, and f i b e r  o r i e n t a t i o n  ( f i g .  4 b ) .  
Both l o n g  
Fig. 4. Diamcter variations in c-iwis LiNbO, fibers: (a )  large irregularities in diameter and rough growth ridges due to pnnr 
temperature and zone stability and (b)  good diameter control and very uniform growth ridges. 
t ’% 
The l a s e r - h e a t e d  p e d e s t a l  growth (LHPG) method t h e r e f o r e ,  i s  one of 
t h e  most v e r s a t i l e  and perhaps s i m p l e s t  of c r y s t a l  growth methods. With 
i t ,  s i n g l e  c r y s t a l  f i b e r s  of over  SO d i f f e r e n t  materials have been grown 
to  d a t e ,  i n c l u d i n g  o x i d e s ,  h a l i d e s ,  b o r i d e s ,  c a r b i d e s ,  metals, and 
semiconductors .  A more d e t a i l e d  d e s c r i p t i o n  of t h e  h i s t o r y  of f i b e r  
growth and t h e  LHPG nethod can be found i n  r e f s .  1-3. 
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